ABSTRACT: Rice straw holocellulose was TEMPO-oxidized and mechanically defibrillated to produce holocellulose nanofibrils (HCNFs) at 33.7% yield (based on original rice straw mass), 4.6% higher yield than cellulose nanofibril (CNF) generated by the same process from pure rice straw cellulose. HCNFs were similar in lateral dimensions (2.92 nm wide, 1.36 nm thick) as CNF, but longer, less surface oxidized (69 vs 85%), and negatively charged (0.80 vs 1.23 mmol/g). HCNFs also showed higher affinity to hydrophobic surfaces than CNFs while still attracted to hydrophilic surfaces. By omitting hemicellulose/silica dissolution step, the two-step 2:1 toluene/ethanol extraction and acidified NaClO 2 (1.4%, pH 3−4, 70°C, 6 h) delignification process for holocellulose was more streamlined than that of pure cellulose, while the resulting amphiphilic HCNFs were more hydrophobic and self-assembled into much finer nanofibers, presenting unique characteristics for new potential applications.
INTRODUCTION
Nanocellulose is now considered as one of the most promising renewable reinforcement nanomaterials due to their biodegradability, outstanding mechanical properties, and light weight. 1 Commonly, nanocellulose is categorized into cellulose nanocrystals (CNCs) produced by removing noncrystalline domains with strong acid hydrolysis or cellulose nanofibrils (CNFs) defibrillated by high mechanical shear forces, all from pure cellulose. While both have nanoscale lateral dimensions, CNCs are rod-like, and CNFs are generally longer and more flexible. 2 By the nature of hydrolysis, CNC yields are typically less than 30%, depending on sources and processes, whereas CNFs are produced at much higher yields up to 100%. 3 CNFs can be generated from various mechanically defibrillation methods of blending, grinding, high-pressure homogenization, and sometimes in combination; however, these methods consume significant energy (700−1400 MJ/kg), a limiting factor for large-scale production. 3 Pretreatment with enzyme hydrolysis or chemical oxidation has therefore been applied to reduce the energy input of mechanical defibrillation. 4−6 Among them, 2,2,6,6-tetramethylpyperidine-1-oxyl (TEMPO)-mediated oxidation of C6 primary hydroxyls to carboxyls is most reported. 7 Increasing attention has been drawn to nanocellulose from sources other than pulp-or wood-derived cellulose. Rice is the third most produced cereal crop in the world, behind wheat and corn, but generates the most rice straw byproduct due to the higher crop residue to grain ratio, ca. 1−1.5 to 1. 8 Rice straw contains nearly 40% cellulose, close to wood, 9, 10 which has been sulfuric acid hydrolyzed into CNCs, 9,11,12 mechanically defibrillated, 11 and TEMPO-oxidized and mechanically defibrillated into CNFs. 11 While the CNC from acid hydrolysis yielded only 6.4%, TEMPO-oxidation coupled with mechanical blending could optimize the CNF yield to a far superior 96.8%, 13 near full conversion. In these cases, pure cellulose was isolated from rice straw by an efficient three-step process to remove waxes, lignin, and hemicellulose in a sequential manner. In our attempt to further streamline the process, questions arose as to whether more nanocellulose may be derived from less purified cellulose such as holocellulose, that is, without removing hemicellulose, and how such nanocellulose is different from that derived from pure cellulose.
In pulping, the presence of hemicelluloses has shown to disrupt interfibrillar hydrogen bonding, inhibit the coalescent of cellulose microfibrils, 14 maintain the swelling capacity of the dried pulp, 15, 16 and facilitate the defibrillation. 14, 17 The presence of hemicellulose and lignin has shown to lengthen the reaction times for TEMPO oxidation of thermomechanical pulp, 18 while residual hemicelluloses in CNFs lowered the transmittance of CNF films. 3, 7 Most recently, TEMPO-oxidized cellulose nanofibrils have been prepared from several plant holocelluloses 19, 20 to show dissolution of most of hemicelluloses under the basic condition (pH 10), leaving ∼1−5% hemicellulose in the resulting nanofibrils, depending on the plant sources. 20 However, how hemicelluloses affect the defibrillation of holocellulose or the behaviors of the resulting nanocellulose has not been clearly delineated.
This study was thus aimed to address these questions by deriving and characterizing nanofibrils from rice straw holocellulose and compare the holocellulose nanofibrils (HCNFs) with CNFs from pure rice straw cellulose. Holocellulose was isolated by dewaxed and delignified rice straw, then TEMPO oxidized using 5 and 10 mmol primary oxidant NaClO per gram of holocellulose followed by mechanical blending at varied lengths of time similar to the conditions previously reported for deriving CNFs from pure rice straw cellulose. 13 The defibrillation of rice straw holocellulose into nanofibrils and their yields, qualities (surface charge, morphologies, etc.) and self-assembling behaviors of HCNFs were characterized and compared to CNFs. Aqueous and organic dispersion and redispersion of self-assembled HCNFs and CNFs were studied extensively and correlated to their surface chemistry to further delineate the effects of residual hemicelluloses on the interfacial properties of nanofibrils.
MATERIALS AND METHODS
2.1. Materials. Rice straw (Calrose variety) was harvested in the Sacramento Valley in 2009, as reported previously.
12 Toluene (99.5%, ACS GR Fisher Scientific), ethanol (anhydrous, histological grade, Fisher Scientific), sodium chlorite (NaClO 2 , 80%, Fluka), acetic acid glacial (CH 3 COOH, 99.7%, ACS GR, EMD), potassium hydroxide (KOH, 85%, EM Science), hydrochloric acid (HCl, 1 N, Certified, Fisher Scientific), sodium hydroxide (NaOH, 1 N, Certified, Fisher Scientific), sodium hypochlorite (NaClO, 10.6%, reagent grade, Sigma−Aldrich), 2,2,6,6-tetramethylpyperidine-1-oxyl (TEMPO, 99.9%, Sigma-Aldrich), and sodium bromide (NaBr, BioXtra, 99.6%, Sigma−Aldrich) were used as received. Water used was purified by Milli-Q plus water purification system (Millipore Corporate, Billerica, MA).
2.2. Removal of Wax, Lignin, and Hemicelluloses from Rice Straw. Pure cellulose and holocellulose were prepared from rice straw. A three-step process was used to remove wax, lignin, and hemicelluloses in sequence from rice straw, as reported previously. 12 Briefly, milled rice straw powder (30 g) was first extracted with toluene/ethanol (2:1, v/v, 450 mL) mixture for 20 h to remove wax, pigments, and oils. The dewaxed rice straw was then transferred to 1.4% acidified NaClO 2 (1000 mL) at 70°C for 5 h to dissolve lignin. The initial pH of the solution was adjusted to 3.0−4.0 by CH 3 COOH. The delignified product was designated as holocellulose and used to prepare holocellulose nanofibrils. Pure cellulose was obtained by treating the holocellulose powder with 5% KOH at room temperature for 24 h and then at 90°C for 2 h. During this process, the hemicelluloses and silica were dissolved in the alkali.
2.3. Preparation of Cellulose Nanofibrils and Holocellulose Nanofibrils. CNFs and HCNFs were prepared by TEMPO mediated oxidation followed by mechanical defibrillation using a previously reported procedure. 13 Briefly, 1 g of either pure cellulose or holocellulose, 0.016 g of TEMPO, and 0.1 g of NaBr were added to 100 mL of water. Oxidation reaction was initiated by adding either 5 mM or 10 mM NaClO and conducted at 9.8−10.2 pH (OAKTON pH/Con 510 series meter), adjusted by adding 0.5 M NaOH at room temperature. The oxidation reaction was considered complete when no further decrease in pH was observed. The TEMPO-oxidized cellulose or holocellulose suspension was pH adjusted to 7 with 0.5 M HCl, centrifuged at 5000 rpm for 15 min, dialyzed against water (Spectrum/Pro dialysis membrane, MWCO: 12000 Da) to remove salts and other small molecules and designated as C5, HC5, and HC10, where the number indicated NaClO concentration used. The C and HC suspensions of 0.2% (w/v) were mechanically blended at 37 000 rpm (Vitamix 5200) at varying lengths of times (15−60 min) and then centrifuged at 5000 rpm for 15 min to obtain supernatants, which were designated as CNF5-30, HCNF5-30, HCNF5-60, HCNF10-1,5 and HCNF10-30, where the second number denotes mechanical blending time in minutes. All yields were based on the mass of rice straw, and all the nanofibril concentrations mentioned below are based on weight percentage in unit volume of solvents.
2.4. Characterization of CNFs, HCNFs, and Their Assembled Solids. CNFs and HCNFs were characterized as aqueous suspensions, as in the case for COOH/COO − concentration by conductometric titration, or as air-dried samples from aqueous suspensions for their dimensions by transmission electron microscopy (TEM) and atomic force microscopy (AFM). Frozen (liquid nitrogen, −196°C) and freeze-dried (−50°C) solids were characterized by scanning electron microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and X-ray diffraction (XRD).
TEM samples were prepared by depositing a 10 μL drop of 0.01% aqueous suspension of either CNF or HCNF onto carbon-coated TEM grids (300-mesh copper, Formvar-carbon, Ted Pella, Inc.). The excess liquid was removed by blotting with a filter paper after 10 min. Uranyl acetate solution (2%) was used to negatively stain the specimens. The excess staining solution was removed by blotting with a filter paper after 10 min. A Philips CM12 transmission electron microscope operated at a 100 kV accelerating voltage was used to obtain the morphology of the nanofibrils. The image was processed through ImageJ and the average width of the nanofibrils was determined from about 150 individual nanofibrils.
AFM samples were prepared by depositing 10 μL (0.0005 or 0.0001%) of each suspension onto freshly cleaved mica or highly ordered pyrolytic graphite (HOPG, grade ZYB, prod No.626-1, Ted Pella, Inc.) surfaces and air-dried. The samples were scanned with an atomic force microscope (Asylum-Research MFP-3D) under the ambient condition using tapping mode with OMCL-AC160TS standard silicon probes (cantilever spring constant 42 N/m). The scan rate was set to 1 Hz. The height images and profiles were processed with Igor Pro 6.21 software, and 150 height values were used to calculate the average thickness of either CNFs or HCNFs.
For the conductometric titration, the total COOH and COO − content of the nanofibrils was measured by first adding a certain amount of 1 N HCl to 50 mL of 0.1% suspension to protonate the carboxyl groups. After that, the suspension was titrated with 0.02 M NaOH solution. During the titration, the conductivity values of the suspension were recorded by an OAKTON pH/Con 510 series meter. The total COOH and COO − content (σ COOH+COO-, in mmol per gram of nanofibril) was determined as follows:
where c is the NaOH concentration (0.02 M), m is the mass of the suspension (0.050 g), and v 1 and v 2 are NaOH volumes (in mL) used from neutralizing the added HCl and carboxylic acid groups, respectively. The amount of COOH groups in the nanofibrils (σ COOH , in mmol per gram of nanofibril) was measured by adding 0.02 M NaOH solution directly to the suspension without first adding HCl and was determined as follows:
where v 3 is the volume of NaOH used to neutralize carboxylic acid groups. FTIR specimens were prepared by mixing freeze-dried CNF or HCNF with KBr at 1:100, w/w CNF:KBr ratio. A Thermo Nicolet 6700 spectrometer was used to obtain the FTIR spectra from 64 scans over 4000−400 cm −1 at a resolution of 4 cm −1 under transmission mode.
SEM samples were prepared by freeze-drying two different concentrations (0.1% and 0.01%) of HCNF5-30, mounting with conductive carbon tape and sputter coating with gold. The SEM images were obtained by a field emission scanning electron microscope (FE-SEM) (XL 30-SFEG, FEI/Philips, USA) at a 5 mm working distance and 5 kV accelerating voltage. The average diameters of freeze-dried fibers were obtained from more than 100 individual fibers by an image software (ImageJ, NIH, USA).
XRD spectra of freeze-dried samples were obtained with a Scintag XDS 2000 powder diffractometer using a Ni filtered Cu−Kα radiation generated at 45 kV and 40 mA. Diffractograms were collected at a rate of 2°/min from 5 to 40°2θ. The crystallinity index (CrI), crystallite dimensions and the primary C6 hydroxyl groups on cellulose crystal surfaces were determined following a previous study. 13 More details could be found in the Supporting Information.
A TGA-50 thermogravimetric analyzer (Shimadzu) was used to obtain the weight loss of freeze-dried CNF or HCNF with increasing temperature. Each sample (∼5 mg) was heated from 26 to 500°C at a rate of 10°C/min under N 2 atmosphere (50 mL/min).
2.5. Dispersion of CNF or HCNF in Organic Solvents. CNFs and HCNFs were freeze-dried at 0.1% concentration and transferred to water, ethanol, acetone, dimethylformamide (DMF), and chloroform to form 0.1% suspensions. Three methods were used individually or in combination to redisperse the nanofibrils in the solvents. Mechanical stirring with a magnetic stir bar (1200 rpm) and low power ultrasonication (40 kHz, 130 w, Branson 2510) were used in combination. The mixtures were mechanically stirred for 10 min and then sonicated for another 10 min as one cycle, and the cycle was repeated 10 times for all mixtures. High-power ultrasonication (20 kHz, 600 w, MisonixSonicator S-4000) was applied alone for 2 min to all mixtures. The mixtures were settled for 1 day for images.
A solvent exchange process was also used to prepare organic solvent dispersions of CNF or HCNF, all at 0.1%. DMF was added to CNF5-30 or HCNF5-30 aqueous suspension (1:1 v/v). Water was evaporated at reduced pressure (50°C, 40 min). The mixture was sonicated for 2 min using the high-power ultrasonic homogenizer as above. To prepare CNF dispersions in ethanol or acetone, a different solvent exchange process was used because the boiling point of ethanol or acetone is lower than that of water. Acetone or ethanol was gently added on top of the aqueous nanofibrils dispersion (2 mg/mL) at 3:1 organic solvent/water. A phase contained mainly organic solvent formed on the top of the aqueous dispersion and the top phase was exchanged with fresh solvent 1−2 times daily without disrupting the bottom phase. A mechanically coherent nanofibril gel formed at the bottom of the glass vial after 4−5 days. When solvent mixing was no longer visible (i.e., the refractive index gradients at the sol/gel interface disappeared), the organogel was released from the vial and washed with the organic solvent three times. The organogels were merged to the organic solvents and subjected to high-power ultrasonication to make 0.1% CNF/organic solvent mixtures.
RESULTS AND DISCUSSION
3.1. Isolation of Holocellulose Nanofibrils (HCNFs). Pure cellulose was isolated from cleaned and dried rice straw powder following the previously established three-step process described earlier. 9 Holocellulose was produced by omitting the third alkaline extraction step in lightly yellow color. The holocellulose and pure cellulose yields were 72.8 and 35.1%, respectively (Table 1) , the latter close to previously reported values. 9, 21 The mass of holocellulose was 37.7% higher than that of pure cellulose; the holocellulose is thought to contain hemicelluloses as well as silica, which is not soluble in either 2/ 1 toluene/ethanol or acidified NaClO 2 . The light yellow color of holocellulose also indicates a trace amount of lignin. Assuming the reported 5−18% silica in rice straw 10, 22, 23 and negligible lignin, the hemicellulose content in the holocellulose would be as low as 20% to as high as 33%.
Both pure cellulose and holocellulose were TEMPO-oxidized using either 5 or 10 mM NaClO per gram of cellulose/ holocellulose then mechanically defibrillated into CNFs and HCNFs, respectively (Table 1) . Cellulose TEMPO oxidized with 5 mM NaClO produced 87% oxidized cellulose C5 (30.8% of rice straw), losing 13% to dissolution. The same TEMPO oxidation of holocellulose yielded 52% HC5 (37.9% of rice straw), or 48% holocellulose dissolved. The nearly 35% mass loss from TEMPO oxidation of holocellulose was expected from the oxidation of substantial hemicelluloses present in addition to amorphous cellulose. Therefore, most, if not all, hemicelluloses were removed, and some silica may have also dissolved under basic conditions. Following 30 min of mechanical blending, 88.9% of the oxidized holocellulose HC5 defibrillated to yield 33.7% HCNF5-30, higher than the 29.1% yield of CNF5-30 (94.5% of C5), both based on original rice straw. When the blended suspensions were centrifuged, no precipitate was observed from the CNF5-30 suspension, while a small amount of precipitate was observed from HCNF5-30, attributing residual fiber fragments and/or silica. This observation was also consistent with the lower defibrillated efficiency of HC5 (88.9%), as compared to C5 (94.5%). Doubling blending time to 60 min or NaClO to 10 mM lowered the yields by 4.9% and 4.0%, respectively. Therefore, the optimal condition to produce the most HCNFs was TEMPO oxidation with 5 mM NaClO followed by 30 min of mechanical blending for holocellulose, the same as for cellulose, but at 4.6% higher yield.
The FTIR spectra of rice straw holocellulose exhibited CO stretching at 1729 cm −1 that was consistent with the hemicellulose carboxyl as well as C−O stretching at 1245 cm −1 , indicating the presence of xylan, a major hemicellulose in rice straw (Figure 1 ).
14 Absence of these peaks from pure cellulose confirmed the removal of hemicelluloses. The C−O stretching peak (1245 cm ing the presence of silica, the same as previously reported. 9 Less intensive Si−O−Si peaks were observed in HCNF5-30 than in holocellulose, indicating partial removal of silica that was observed as the precipitate after defibrillation and centrifugation. Neither silica peak was observed in pure cellulose and CNF5-30, confirming complete silica removal by the alkali, the third cellulose isolation step. The FTIR spectrum of a large fiber precipitate separated by centrifugation following mechanical defibrillation of HC5 showed intense Si−O−Si peaks ( Figure S1 , Supporting Information), clearly indicating the presence of silica and consistent with the expected precipitation of silica at neutral pH. Therefore, FTIR confirmed the presence of hemicelluloses and silica in holocellulose and their reduced extents in HCNFs. This is consistent with the small residual amount of xylan (∼3%) and silica from similarly TEMPOoxidized rice straw holocellulose. 20 
Dimensions and Surface Carboxyl Content of
HCNFs. The length and width measured by TEM showed CNF5-30 to be 2.76 ± 1.10 nm wide and hundreds of nanometers to 2 μm long (Figure 2a ). HCNF5-30 had an average width of 2.92 ± 1.10 nm (Figure 2b ), similar to CNF5-30, but contained more 3−5 nm wide nanofibrils (Figure 2d ). The AFM height images showed the average thicknesses of CNF5-30 and HCNF5-30 to be 1.55 ± 0.54 nm and 1.36 ± 0.62 nm, respectively, and again, similarly (Figure 2e−h) . However, CNF5-30 contained some shorter 100−300 nm long nanofibrils (Figure 2a ) while almost all HCNF5-30 nanofibrils exceeded 500 nm in length (Figure 2b ). These data are consistent with previous studies with TEMPO-oxidized cellulose nanofibrils from various plant sources (i.e., the thickness of the nanofibrils is 1−2 nm, and the width is 3−5 nm). 20, 24, 25 Overall, according to our measurements, some HCNFs appear wider and longer than CNFs, but their average dimensions are not significantly different. The white spots shown in the AFM images of HCNF5-30 ( Figure 2e ) may be silica particles, as evidenced in the FTIR spectrum.
During TEMPO oxidation at pH 10, the newly formed C6 carboxyls (COOH) reacted with NaOH to form carboxylates (COO − ). Neutralization after the oxidation converted some COO − groups back to COOH. To prepare for titration, all COO − were first converted to COOH with added HCl. In titration, the initial decrease in conductivity in the parabolicshape titration curves with increasing NaOH concentrations was due to the neutralization of excess HCl (Figure 3a) . The conductivity reached a plateau as NaOH was consumed to convert carboxylic acid to its sodium form, then sharply increased from the excess NaOH. The total COOH+COO (Table S1 , Supporting Information). If the oxidation reaction occurred on the crystalline surface, 3, 26 the extent by which the surface primary hydroxyls was converted to COOH/COO − groups was calculated from the total COOH+COO − per AG (Figure 3a ) divided by surface primary hydroxyl per AG, to be 85, 69, and 115% for CNF5-30, HCNF5-30, and HCNF10-30, respectively. Under the same TEMPO oxidation at 5 mM NaClO, the surface COOH/COO − on HCNF5-30 was 16% less than that on CNF5-30, showing reduced cellulose C6 OH to COOH/ COO − conversion in holocellulose. As NaClO doubled to 10 mM per gram of holocellulose, the surface COOH/COO − of HCNF10-30 increased by 62% to 1.77 mmol per gram of nanofibrils, which was slightly higher than that of CNF (1.68 mmol/g cellulose, i.e. nearly 100% surface C6 OH conversion). 13 The additional 15% surface OH/(COOH +COO−) conversion on HCNF10-30 may be due to the carboxylate groups in the hemicelluloses that was readsorbed to the CNF surfaces or the conversion of some HCNF10-30 surface glucan chains to homopolyglucuronic acid by TEMPOmediated oxidation. Therefore, the presence of hemicelluloses has clearly affected TEMPO oxidation and the surface COOH/COO − contents of the resulted HCs and HCNFs. Initially, hemicelluloses bound to the cellulose surface via hydrogen bonding and van der Waals interaction known in higher plants 28−30 may limit the initial access of the oxidation agents. As the oxidation reaction progressed, most hemicelluloses were expected to be converted to soluble sugars such as C2/C3 dicarboxyl xylan, 18, 20 consuming the oxidizing agents which otherwise would have reacted with cellulose and resulting in less oxidized cellulose or lower COOH+COO − content of HCNF5-30 than CNF5-30. When NaClO concentration doubled to 10 mM per gram of holocellulose, more oxidation reagent was available to oxidize cellulose, producing more COOH+COO − or more oxidized HCNF10-30.
3.3. Freezing and Freeze-Drying Induced Self-Assembling of HCNFs. Rapid freezing 0.1% and 0.01% aqueous HCNF5-30 suspensions in liquid nitrogen followed by freezedrying produced white sponge-like mass of randomly oriented fibers (Figure 4a,b) . The nanofibers from 0.1% suspension were averagely 94 ± 33 nm wide and hundreds of micrometers long. These assembled nanofibers were almost 30 times thicker and hundreds of times longer than individual HCNF5-30 ( Figure  2 ), indicating original individual HCNF5-30 nanofibrils associated with each other laterally and, most significantly, longitudinally into larger nanofibers. Few ribbons in 400−1000 nm widths were also observed. From a lower 0.01% concentration, HCNF5-30 also self-assembled into interconnected fibers, except in two populations: much thinner 18 ± 5 nm average diameter nanofibers (Figure 4b ) and ultrafine fibers with an average diameter of 164 ± 70 nm.
Intriguingly, the fibers self-assembled from HCNF5-30 are much thinner, only one-fifth of those from CNF5-30 (497 ± 161 nm) from the same 0.1% concentration and under the same condition. 11 Although the lateral dimensions of individual HCNF5-30 and CNF5-30 nanofibrils were similar, the much thinner fibers assembled from HCNF5-30 indicate far lower inter-nanofibril affinity. Because the less oxidized (1.09 vs 1.36 mmol/g total COOH+COO − ) and negatively charged (0.80 vs 1.22 mmol per gram of nanofibrils) HCNF5-30 did not assembled to larger fibers, the much reduced assembling was thought to be caused more by the presence of hemicelluloses and possibly silica on the surfaces. Rice straw hemicelluloses contain mainly arabinoxylan which is less hydrophilic than cellulose due to its lack of primary hydroxyls in the xylan backbone. The presence of relatively more hydrophobic xylan, silica, or both made the HCNF5-30 surfaces more heterogeneous, inhibiting nanofibril association in both lateral directions and resulting in less assembled structure. These observations on nanocellulose is consistent with the previous report that hemicellulose decreased the aggregation of the much larger microfibrils by disrupting interfibrillar hydrogen bonding. 14 Besides hemicelluloses and silica, the C6 aldehyde groups in TEMPO-oxidized nanofibrils may also affect the lyophilizationinduced self-assembling behaviors of CNFs and HCNFs. However, the aldehyde contents of CNF5-30 and HCNF5-30 were very low, at 0.32 and 0.23 mmol/g, respectively (Supporting Information), compared to the COOH/COO − content. Because the aldehyde content of the CNF5-30 and HCNF5-30 was comparably low, the differences in their selfassembled structures were attributed mainly to the presence of residual hemicelluloses on their surfaces.
Cellulose, holocellulose, self-assembled CNF5-30, and HCNF5-30 exhibited the same three cellulose I characteristic peaks at 2θ = 14.5, 16.6, and 22.7°assigned to 110, 110, and 200 crystallographic planes, respectively, but different crystal- The CrI of HCNF5-30 was higher than holocellulose and close to CNF5-30 which was consistent with the fact that most amorphous hemicelluloses in holocellulose were dissolved during TEMPO oxidation. 18, 20 The TGA curves of cellulose, holocellulose, CNF5-30 and HCNF5-30 all showed initial small mass loss of 3−5% from evaporation of adsorbed moisture, followed by the rapid mass loss from cellulose decomposition and final mass loss from charring ( Figure 4d) . The temperature where maximum weight loss occurs, T max , ( Figure S2 , Supporting Information) was highest for cellulose (368°C) followed by holocellulose (355°C ) and then the nanofibrils. The first derivative curve of holocellulose showed an additional smaller hemicellulose decomposition peak at around 300°C ( Figure S2 , Supporting Information). The T max of HCNF5-30 was 274°C, higher than CNF5-30 at 263°C possibly due to presence of more thermal stable silica. The char residue of holocellulose was 6.1 times higher than cellulose, while the char residue of HCNF5-30 was 12% higher than that of CNF5-30, again attributed to the presence of silica. The char residues of CNF5-30 and HCNF5-30 were approximately 5 times higher than that of cellulose, which may be due to increased interfacial interactions of hydrogen bonding among the hydroxyls and carboxyls in the self-assembled structures. 13 3.4. Aqueous and Organic Dispersion and Redispersion of Self-Assembled Fibers. To further discern the impact of residual hemicelluloses, we made observations on the redispersibility of the self-assembled structures in aqueous and organic solvents as well as on solvent exchange of the aqueous suspensions to organic solvents. CNF5-30 and HCNF5-30 selfassembled from 0.1% aqueous suspensions were dispersed in water as well as various organic solvents to the same 0.1% concentration, aided by mechanical stirring (1200 rpm) combined with either low-power ultrasonication (40 kHz, 130 w) or high-power ultrasonication (20 kHz, 600 w). With repeated mechanical stirring and low-power ultrasonication, the redispersed aqueous suspension of self-assembled CNF5-30 was transparent, but that from HCNF5-30 remained relatively turbid. When these suspensions were diluted to 0.0005% followed by sonication and deposited on mica surfaces for AFM observation, both CNF and HCNF appeared as individually separated nanofibrils ( Figure S3 , Supporting Information), similar to their original morphologies (Figure 2 ). With highpower ultrasonication alone, the redispersed HCNF5-30 suspension showed increased light transmittance, but still less transparent than the redispersed CNF5-30 ( Figure 5) . Therefore, the self-assembled CNF and HCNF fibers could be redispersed in water at 0.1% concentration, with HCNFs being less uniform.
The self-assembled CNF5-30 and HCNF5-30 were also redispersed in DMF, ethanol and acetone, aided by either mechanical stirring or ultrasonication. While high-power ultrasonication disrupted the assembled CNF and HCNFs structures, none remained as stable suspension over time (Figure 5a ). After settling for 1 day under the ambient condition, most CNF5-30 redispersed in ethanol and DMF precipitated and gelled, but could be broken up by vigorous hand shaking. When allowed to settle for 5 days, all CNF5-30 settled at the bottom leaving the top ethanol and DMF suspensions clear (not shown). The CNF5-30 redispersed in acetone settled to form white fluffy aggregates while that redispersed in chloroform appeared as suspension of particles that were larger than those in other solvents. Redispersed HCNF5-30 also precipitated and gelled in DMF but was less integrated and easier to be broken up by vigorous hand shaking than was the precipitate that formed from CNF5-30. The selfassembled HCNFs redispersed in ethanol and acetone did not gel, but they formed stabilized HCNF-rich phases at the bottom that were larger than CNF in the same solvents. All HCNF5-30 dispersed in DMF and ethanol settled after 5 days, leaving the top suspension clear (not show). Most HCNF5-30 redispersed in chloroform remained suspended as particles in the middle of the vial, similar to CNF5-30.
Aqueous CNF5-30 and HCNF5-30 suspensions were solvent exchanged to organic solvents, all at 0.1% concentration. Both CNF 5-30 and HCNF5-30 solvent exchanged to DMF as clear dispersions and remained stable for over a month, in contrast to gelation observed in DMF redispersions of their self-assembled structures. AFMs of the freshly exchanged suspensions diluted to 0.0005% showed individual CNFs or HCNFs with height ranging from 1 to 5 nm (Figure 6 ), similar to their aqueous original (Figure 2d,e) . However, the presence of numerous shorter 100−500 nm long nanofibrils indicated fibril breakage from ultrasonication. Some white spots found in HCNFs were likely silica, as observed before (Figure 2f ). CNF and HCNF dispersions exchanged in either acetone or ethanol were translucent but formed gel on the vial wall ( Figure S4 , Supporting Information). On the basis of the above results, aqueous HCNFs and CNF could be solvent exchanged to clear and stable DMF suspensions, but not to acetone and ethanol. Ultrasonication did cause nanofibril breakage.
The much higher solubility parameter of cellulose, i.e., 55.7 MPa 0.5 (δd = 11.7 MPa 0.5 , δp = 35.9 MPa 0.5 , and δh = 42.2 MPa 0.5 ), 31 than water (δ = 48.0 MPa 0.5 , δd = 15.5 MPa 0.5 , δp = 16.0 MPa 0.5 , and δh = 42.3 MPa 0.5 ) make the highly crystalline nanocellulose to be well dispersed in water as a transparent aqueous suspension. The higher dielectric constant and hydrogen bonding ability of water are capable disrupting the hydrogen bonds among freeze-dried CNFs to redisperse into a transparent aqueous suspension. From a Hansen solubility parameter (HSP) point of view, 32 rice straw hemicelluloses (mostly arabinoxylan) adsorb on cellulose via relatively high-HSP hydroxyl side chains leaving low-HSP side chain such as acetyl (if any) facing outward. Therefore, HCNFs are thought to self-assemble via both hydrophobic and hydrophilic interactions, whereas CNF self-assembled mainly through hydrophilic interactions. The more hydrophobically bound self-assembled HCNFs would be more resistant to be dispersed into individual nanofibrils in water, thus remained as larger aggregates, but would have better affinity to ethanol, acetone, and DMF to form larger nanofibrils-rich phase in these solvents.
When solvent exchange directly, both CNFs and HCNFs could be well dispersed in DMF to stable suspensions, but not in other organic solvents. A previous work attributed the dispersibility of oxidized cellulose nanofibrils in DMF to its higher dielectric constant that facilitates the dissociation of carboxyl groups. 33 While gelation occurred to 0.2% CNF5-30 exchanged for DMF, gelation was observed at above 0.3% for HCNF5-30 (not shown), again affirming the better dispersion of HCNFs in DMF than CNF5-30 facilitated by the relatively more hydrophobic hemicelluloses. Due to close density of chloroform (d = 1.5 g/cm 3 ) to cellulose, both CNFs and HCNFs suspended in the middle of chloroform as largest fiber aggregates.
To further differentiate the hydrophobicity of CNF5-30 and HCNF5-30, we deposited a drop of each of their 0.0001 wt % dilutions and air-dried onto a freshly cleaved highly ordered pyrolytic graphite (HOPG) surface with a reported 70°high water contact angle. 34 After drying, most HCNFs concentrated along the perimeter of the original droplet, forming a ring ( Figure S5 , Supporting Information), while few HCNFs
